. The inclusion of SBM has shown 48 to adversely affect the apparent digestibility coefficients (ADC) of nutrients and energy 49 (Opstvedt et al., 2003; Romarheim et al., 2006) . Furthermore, it has been shown that SBM can 50 reduce activity of digestive enzymes in the distal intestine (DI) of Atlantic salmon (Salmo salar) 51 (Krogdahl et al., 2003; Chikwati et al., 2013) . The reduced activity of digestive function may 52 partly be due to the morphological changes caused by SBMIE. Although DI is not the main site 53 for macronutrient absorption, some important components such as taurine and bile acids have 54 been shown to be re-absorbed in the DI (Nordrum et al., 2000) with possible implications for 55 the absorption of lipid in the proximal parts of the intestine. Morphological changes associated 56 with SBMIE may disturb the capacity of digestion and re-absorption of nutritionally important 57 substances in the DI and thus contribute to the lower ADC of nutrients. ADC of lipid in 58 particular has shown to be reduced in Atlantic salmon fed SBM (Krogdahl et al., 2003; 59 Romarheim et al., 2006) . Changes in digestive function appears to be a more sensitive parameter 60 than changes in the gut morphology as observed in Atlantic cod (Gadus morhua), where feeding 61 SBM reduced lipid digestibility (Førde-Skjaervik et al., 2006) in the absence of SBMIE (Refstie 62 et al., 2006) . 63 7 rate is termed hypoxia (HY) and optimal water flow rate is termed normoxia (NO) Normoxia resulted in a mean water DO level of above 8 mg L -1 in the outlet (>78% saturation). 142
If necessary, pure oxygen was injected into the inlet to maintain the intended DO level. Hypoxia 143 resulted in a mean water DO level of below 6 mg L -1 in the outlet (< 55% saturation). The 144 minimum DO level in the outlet, however, was maintained above 3.8 mg L -1 to avoid extreme 145 reduction in feed intake and increased mortality. For this purpose pure oxygen was injected into 146 the inlet water. The mean of DO level (mean ±SD) in the inlet was 10.3±0.3 mg L -1 . Water 147 parameters including daily oxygen concentration and pH and also during week five of period 2, 148 total ammonium nitrogen (TAN), nitrite and nitrate were measured for each tank by the method 149 described elsewhere (Saravanan et al., 2012) . 150 8
Sampling procedure 151
Faeces collection was performed daily throughout the last two weeks of the period 1 and pooled 152 to determine digestibility of nutrients in this period. The faeces collection continued throughout 153 period 2 at four sampling time points, days 0-7, 8-14, 15-21 and 22-42 (faeces samples collected 154 daily and were pooled within these periods). Each tank was connected to one settling tank as 155 previously described (Saravanan et al., 2012) . A faecal collection bottle (250 ml) was attached 156 to the bottom of the settling tank while placed in a thermostatic box connected to a cooling 157 system to avoid the bacterial degradation of nutrients in the faeces. The faeces collected within 158 weeks from each tank was pooled in the same tray and stored at -20˚C in an aluminium box until 159 further analysis. The settling tank was also used to check and count the uneaten pellets in the 160 respective respiration tank at every feeding for accurate calculation of feed intake. For this 161 purpose another set of 250 ml-bottles were attached to the settling tanks during feeding. 162 DI tissue samples from 3 fish were taken per tank on days 0, 7, 14, 21 and 42 of period 2. The 163 tissue samples were fixed in neutral buffered formalin (4% formaldehyde) and embedded in 164 paraffin before staining by hematoxylin and eosin (H&E). Blinded evaluation and scoring of the 165 following five morphological parameters was performed on each tissue: 166 1) Subepithelial infiltration of leukocytes: increased accumulation of leukocytes in the 167 subepithelial area down to stratum compactum. Statistical analyses were performed using SAS 9.4 (SAS Institute, Cary, NC, USA). All data 204 were tested for normality and homogeneity by Kolmogorov-Smirnov and Bartlett tests. Data 205 from ADC of dry matter in period 1 and overall histopathological score violated the normal 206 distribution assumption after log10-transformation; and thus these data were subjected to non-207 parametric Kruskal-Wallis test followed by multiple pairwise comparisons Critchlow-Fligner) if the test was significant. ADC of crude protein, lipid, starch, ash and energy 209 were subjected to one-way analysis of variance (ANOVA) in GLM procedure to test the effect 210 of diet in period 1. The effect of treatment and sampling time on ADC of dry matter, crude 211 protein and ash in period 2 was analysed using a two-way ANOVA in GLM procedure. ADC 212 of lipid and starch at the end of period 2 (day 22-42) were subjected to a one-way ANOVA. 213
Least square means comparison was used to determine which groups differed significantly from 214 11 each other. Regression analysis was performed to determine the variables that correlated with 215 feed intake at the end of period 2. Differences were declared statistically significant if P < 0.05. 216
Results

217
Water quality parameters 218
The water pH level remained stable (ranged from 7.0 to 7.5) throughout the experiment (period 219 1 and 2) for all treatment groups and hypoxia did not change the pH level (P>0.05). The 220 fluctuations in pH was too small to have had a significant effect on toxicity of TAN. The water 221 DO level (expressed as mg L -1 ) was above 7.0 mg L -1 during period 1 in all tanks ( Fig. 1) . At 222 the start of period 2, water DO level was reduced to below 5 mg L -1 immediately after reduction 223 of water flow rate in the tanks assigned to hypoxia and remained between 4 to 5 mg L -1 during 224 this period (Fig. 2 ). Peaks were observed, however, on the oxygen curve corresponding to the 225 DI tissue sampling days. The mean water concentration of TAN during week five of period 2 226 was significantly higher at hypoxia compared to that observed at normoxia (P=0.002) (Fig. 3) . 227
During the same week, water level of nitrite and nitrate at hypoxia were 0.008±0.0003 and 228 0.22±0.015 mg N L -1 (mean ± SE, n=9 tanks) respectively. At normoxia the concentrations 229 were 0.007 ±0.0009 and 0.18±0.016 mg N L -1 (mean ± SE, n=3 tanks). The difference in 230 concentration of nitrite and nitrate was insignificant among treatments. 231
Feed intake and growth 232
Feed intake (g kg -1 body weight) of FM-and SBM-fed fish remained stable throughout period 1 233 (Fig. 1) . The mean feed intake (g fish -1 day -1 ) over period 1 was not changed significantly in 234 12 response to diet (P>0.05) ( Feed intake of all treatment groups was not significantly changed during period 2, however, it 237 was reduced in fish fed FM and SBM diets and kept at hypoxia during the last two weeks of 238 period 2 (Fig. 2) . Feed intake in fish subjected to change from FM to SBM at normoxia (FMNO 239 → SBMNO) in period 2 remained unchanged for the whole period. The mean daily feed intake 240 (g fish -1 day -1 ) over period 2 was significantly higher in the fish fed SBM at normoxia (FMNO 241 → SBMNO) than that in other treatment groups (i.e. fish kept at hypoxia) (P=0.014). 242
Regression analysis revealed that feed intake showed reduction with increasing TAN 243 concentration (R 2 = 0.45, P=0.02) (Fig. 4) 
Histopathological evaluation 248
The changes in histopathological scores over time are shown in Fig. 5 . These changes were 249 confined to the distal intestine and characterised by reduced apical SNV, reduced height of 250 simple and complex intestinal folds (partial atrophy), and increased number of leukocytes (e.g. 251 lymphocytes, granulocytes and eosinophilic granular cells) in the subepithelial area, the degree 252 of vacuolar degeneration in the base of the folds and the degree of granulomatous change, if 253 present. Exact mean histopathological scores for all treatment groups are given in Table S1 . 254
Exposure to hypoxia did not exert adverse effect on morphological changes in fish fed FM 255 throughout the experiment (steady state diet), but exposed to hypoxia during period 2 (FMNO 256 13 → FMHY) (P>0.05). Fish fed the SBM diet during period 1, however, developed SBMIE in the 257 DI. The degree of SBMIE remained unchanged in this treatment group over time during period 258 2 where the fish was exposed to hypoxia (SBMNO → SBMHY) (P>0.05). The two groups of 259 fish subjected to change from FM to SBM, regardless of their environment (i.e. FMNO → 260 SBMHY and FMNO → SBMNO) showed similarly increased histopathological score over time 261 in period 2. By day 14, they reached the same degree of SBMIE as in fish fed SBM throughout 262 the experiment but exposed to suboptimal condition (SBMNO → SBMHY) (Fig. 5) . Thus, the 263 degree of SBMIE was stable and similar from day 14 onwards among fish challenged with SBM 264 during period 2, regardless of their environmental conditions. 265
Digestibility 266
There was no significant effect of diets on the ADC of starch in period 1 (Table 2) , however, 267 ADC of lipid was reduced in fish fed SBM compared to the fish fed FM (P=0.0001). The effect 268 of treatments on ADC of dry matter, crude protein, ash and energy during period 1 are shown 269 in Table 2 . ADC of crude protein, ash and energy was higher in fish fed SBM (P <0.05) 270 compared with those fed the FM diets, while the ADC of dry matter tended to increase in these 271 fish (P=0.08). 272 During period 2, there was no significant difference in any of the ADC values of the fish 273 subjected to change from FM to SBM diet and exposed to hypoxia (FMNO → SBMHY) and of 274 the fish subjected to hypoxia and fed SBM diet throughout the experiment (SBMNO → 275 SBMHY). The fish subjected simultaneously to changes in diet and environment (FMNO → 276 SBMHY) and the fish fed SBM continuously (steady state), but subjected to hypoxia in period 277 2 (SBMNO → SBMHY) showed the lowest ADC of lipid and starch at the end of period 2 (Fig.  278 6). ADC of lipid and starch were highest in the group fed FM throughout the experiment, but 279 14 exposed to hypoxia (FMNO → FMHY) (P=0.001). ADC values of lipid and starch were higher 280 in the fish subjected to dietary change from FM to SBM and kept at normoxia (FMNO → 281 SBMNO) than in the fish fed SBM and exposed to hypoxia during period 2 (FMNO → SBMHY 282 and SBMNO → SBMHY) (P=0.002). In the fish fed FM throughout the experiment but exposed 283 to hypoxia in period 2 (FMNO → FMHY), the ADC of dry matter reached its highest value by 284 day 42. ADC of dry matter, was, however, gradually reduced from day 7 to 21 in the fish 285 subjected to changes in both diet and environment (FMNO → SBMHY). Similar trend was also 286 observed in the fish challenged by SBM but kept at normoxia (FMNO → SBMNO). There were, 287 however, no differences in ADC of dry matter among any groups challenged by SBM regardless 288 of the type of the environment by day 42. ADC of crude protein and ash in all treatment groups 289 remained unchanged throughout period 2. ADC of crude protein was, however, highest in 290 groups fed SBM at hypoxia (FMNO → SBMHY and SBMNO → SBMHY) at all time points 291 and lowest in fish fed FM (steady state), but subjected to change to hypoxia (FMNO → FMHY). 292
At hypoxia, changing from FM to SBM increased the ADC of ash significantly at day 7 293 compared to steady state FM feeding (FMNO → FMHY). The difference in ADC of ash was 294 insignificant among treatments by day 42. ADC of energy was found to be highest in the fish 295 challenged by SBM and kept at normoxia (FMNO → SBMNO) (P=0.01), however, no 296 significant difference was observed among other treatments (P >0.05). The interaction between 297 treatments and sampling time was not significant (P >0.05) ( Table 4) . 298
Discussion
299
This study was performed to investigate if exposure to suboptimal environment (i.e. hypoxia) 300
aggravates the effect of SBM on digestive function and intestinal enteropathy in rainbow trout 301 15 over time. We evaluated the gastrointestinal status by monitoring digestive function and 302 progression of SBMIE in rainbow trout in response to the challenges over time. 303
It is known that oxygen is less available to aquatic than air-breathing animals and the uptake of 304 oxygen from water is more challenging (Kramer 1987) . Thus, it is likely that reduction of DO 305 level in this study was a challenging factor. We observed that the fish activity (locomotion) was 306 lower in the hypoxia tanks. This is in accordance with previous observations of Nile tilapia kept 307 at different degrees of hypoxia (Tran-Duy et al., 2012) . Reduced activity of the fish could be a 308 response to reduced DO level as a mechanism of adaptation (Kramer 1987). Reduction in feed 309 intake is another response which is reported to occur under hypoxic conditions (Tran-Duy et al., 310 2012) as feed intake is an oxygen demanding process. In this study, however, the feed intake 311 during the four weeks after exposure to hypoxia remained unchanged in all treatment groups, 312 indicating that low DO level did not affect feed intake. Fish were fed restrictively which may 313 explain why the low DO level did not adversely affect feed intake. Glencross (2009) reported 314 that feed intake under hypoxia did not differ from normoxia when fish were fed restrictively for 315 28 days. The reduction in feed intake during the last two weeks of period 2, however, could be 316 a response to accumulation of ammonia due to the reduced water flow rate. Previous 317 publications have reported adverse effect of elevated environmental ammonia level on feed 318 intake in rainbow trout (Ortega et al., 2005) and European sea bass (Dicentrarchus labrax) 319 (Dosdat et al., 2003) and juvenile lake trout (Salvelinus namayeush) (Beamish & Tandler 1990) . 320
The highest TAN concentration in this study was well below the levels tested in those 321 experiments, however, the slight but significant accumulation of ammonia may have been a 322 challenging factor to the fish already affected by reduced DO level at hypoxia. Thus, it is 323 possible that the combination of increased TAN and reduced water DO level caused reduction 324 16 in feed intake in this experiment. Kolarevic et al., (2013) also showed that exposure to sublethal 325 levels of TAN at normoxic condition did not change feed intake significantly in Atlantic salmon. 326
The development of SBMIE in rainbow trout fed the SBM diet during period 1 was expected 327 and coincided with previous findings (Baeverfjord & Krogdahl 1996; Romarheim et al., 2008) . 328
Exposure to hypoxia in this experiment did not aggravate SBMIE in fish fed SBM. The lack of 329 interactive effect between SBM and hypoxia in period 2 could be due to the high inclusion level 330 of SBM (400 g kg -1 ) used in the present experiment leading to histopathology score of 2 or 331 higher in all fish from day 14. Thus it was difficult to evaluate the impact of additional 332 environmental challenge induced by reduced water flow on intestinal health. Furthermore, 333 feeding FM at hypoxia did not result in any signs of inflammation in the DI of rainbow trout. 334 Sundh et al., (2010) reported atrophy of intestinal folds in Atlantic salmon kept at hypoxia and 335 temperature of 16 ºC (corresponding to 50% saturation). It is possible that rainbow trout is more 336 resistant to the adverse change in the environmental conditions such as hypoxia than Atlantic 337 salmon. SBM diet, however, induced significant morphological changes after 7 days of period 338 2 in fish subjected to SBM independent of the environment, which is in agreement with the 339 study in Atlantic salmon (Urán et al., 2009) . At day 14 and onward, all SBM-fed fish had similar 340 histopathology score regardless of their environment, implying that there was no effect of feed 341 intake, steady state SBM consumption and suboptimal conditions (reduced water flow rate) on 342 this parameter, even at longer time of exposure. 343
The reduction in ADC of lipid in fish fed SBM compared to the fish fed FM in period 1 confirms 344 previous reports (Refstie et al., 1998; Romarheim et al., 2006; Øverland et al., 2009 ). This trend 345 was also observed 42 days after the change from the FM to SBM diet at normoxia and hypoxia. 346
17
The ADC of starch in this study was close to the values previously reported in rainbow trout 347 (Krogdahl et al., 2004; Romarheim et al., 2006) . Earlier publications have shown that starch can 348 be highly digestible for carnivorous fish after hydrothermal treatment of the feed resulting in 349 starch gelatinisation ( and reduce the ADC of lipid. An example is saponins which have been suggested to reduce 365 lipase activity, leading to reduced ADC of lipid (Han et al., 2000) . NSPs may also reduce 366 digestibility of different nutrients such as starch by increasing the viscosity of the digesta 367 (Leenhouwers et al., 2006) or reducing brush border enzymes activity and bile acid 368 concentration (Kraugerud et al., 2007) . Another explanation is that at hypoxia, reduced water 369 18 DO level contributed to further reduction in ADC of lipid due to higher oxygen demand of 370 dietary lipids for oxidation. On the other hand, storage of dietary starch energy in the form of 371 body fat is also more oxygen demanding than deposit of dietary fat (Reeds et al., 1982) . The 372 suboptimal environment may also have increased the interactions between carbohydrates and 373 lipids in the GIT, resulting in amylose-lipid complexes, which has shown to increase resistance 374 of amylose to α-amylase (Holm et al., 1983) . Overall this result also indicates that digestive 375 function is more sensitive than the DI enteropathy in rainbow trout exposed to a dietary 376 challenge under suboptimal conditions. 377
The lower ADC of crude protein in fish fed the FM diet during period 1 compared to the fish 378 fed the SBM diet contradicts previous results (Øverland et al., 2009) . Cellulose inclusion level 379 was relatively high in the FM diet, but Hansen & Storebakken (2007) showed that cellulose does 380 not affect ADC of protein, lipid and starch. Reduced ADC of FM compared to SBM may be due 381 to the faeces collection method used in this experiment. In this experiment faeces was collected 382 in bottles mounted to the settling tanks and remained in the bottle for 23 hours which may result 383 in leaching of nutrients. Leaching has been discussed previously as a problem associated with 384 the use of columns for faeces collection (Storebakken et al., 1998; Vandenberg & De La Noüe 385 2001) . The same method of faeces collection was used in this experiment for all treatment 386 groups, however, leaching rate of nitrogen may differ for different diets. Physical and chemical 387 properties of the faecal matter from SBM diet is different from that of FM diet. For example 388 SBM diet has shown to contain less dry matter due to diarrhea (Refstie et al., 2000; Refstie et 389 al., 2005) . The properties of faecal matter from SBM diet may have resulted in a higher rate of 390 nitrogen leaching than for that for FM diet. This proposed effect of faeces collection method, 
